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1. Abstract and background 
We are currently living in an era of rapid development of wireless information. At 
present, the number of users of mobile devices worldwide has exceeded 5 billion, and the 
global population is about 7.511 billion. In other words, two-thirds of the world's people 
are using wireless communication devices.  
As more and more people use wireless communication devices, in order to perform 
stable communication without mutual interference, and can use the limited frequencies 
more efficiently. It has become a target of many wireless communication researchers. 
It is well known that in wireless transmission, for transmitting signals, we must not 
only protect the center frequency but also the harmonics and sidebands so that it does not 
exceed the allocated bandwidth. In another word, we need a stable oscillator and a 
selective filter. Besides, for receiving signals, the device must have the function of a filter 
so that it can extract the required frequency band from many radio waves. Therefore, it 
requires a stable oscillator that matches the transmission frequency. Crystal oscillators 
can meet these needs and the crystal vibrator is the most important part of the oscillator. 
Crystals are commonly known as crafts and jewelry, they are colorless, transparent 
crystals made of silicon dioxide. In fact, it is also an important piezoelectric material. 
When mechanical pressure is applied to the crystal, the crystal will deform and a voltage 
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will generate on the surface. It was the piezoelectric effect discovered by Carl Linnaeus 
and Franz Aepinus in the mid-18th century. After this, with the advancement of science, 
they discovered the inverse piezoelectric effect of crystal, that is, when a voltage is 
applied to the surface of the crystal, the crystal will be deformed. Because of these 
characteristics, the crystal vibrators are often used in various fields. 
In order to provide a highly reliable piezoelectric device, it is indispensable to analysis 
and experimental comparison and verification of piezoelectric vibration devices in a 
crystal oscillator. Especially for the high frequency vibrators which have many spurs, the 
comparison of the vibration modes is the deciding factor for judging the quality of the 
analysis. 
At present, Methods for plotting the mode shapes of piezoelectric resonators have been 
proposed and developed. 1-10) For these measurement methods, it is mainly to scan the 
surface of the piezoelectric vibration device with the machine and obtain the data from 
the surface, and then construct a distribution map of the vibration displacement by the 
data. These methods require a large amount of measurement time and is also highly 
demanding for the light detection system.  
On the other hand, a laser speckle measurement method using image processing by a 
CCD camera has also been proposed. the method intermittently drives an oscillator whose 
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surface is roughened, and then set the period of image acquisition to be the same as 1/2 
of the oscillator drive pulse period. So that the displacement of the high-speed vibration 
can be analyzed by comparing the brightness of the image measured when the oscillator 
is driven and the oscillator is not driven.  
It is another advantage of this method that no matter what the resonant frequency of 
the device, its displacement distribution also can be measured. By improving the optical 
system, it was also possible to measure displacements in the z 'direction which has the 
relatively small vibration displacement. 
However, since the spatial resolution of the displacement distribution measured by this 
method depends on the resolution of the CCD camera and the setting of the relevant area. 
Therefore, for the surface measurement of micro-electronic devices, the selection of CCD 
and the division the surface of components is very important. In addition, this method can 
be applied when the surface roughness of the device under test is sufficiently larger than 
the laser wavelength, but if the surface of the component is a polished structure which is 
close to the mirror surface, the scattering generated by the surface is very difficult, so that 
for these kinds of devices the method has some limitations. 11) 
According to all the research background we introduced. In this paper, a measurement 
method of scattered light on polished surface based on laser speckle method is proposed. 
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Specifically, scattered light is obtained by being incident on polished surface reflectors 
using ultraviolet ray aslant. In the experiment, we selected two kinds of material polishing 
surface of gold and aluminum as the experiment sample which are similar to the 
piezoelectric resonator, Moreover, three different types of wavelength laser are used (UV 
laser 377nm, violet laser 456nm, visible red laser 656nm). Then we carried out several 
experiments in the condition that the incident angles are respectfully 15 degrees and 30 
degrees. From the result, we can easily find the deviation between the experiment and the 
simulation of the reflection coefficients of the 377nm wavelength ultraviolet ray laser is 
less than 1~2% and it proofs that the proposed measurement is feasible.  
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2. Simulation of reflection coefficients 
2.1 Simulation Outline 
2.1.1 Light reflection 
  It is widely known that the polishing metal reflects light well, but its refection 
coefficient decreases as the wavelength of the light is shortened. The surface reflection 
contains regular and diffusion reflections. When the roughness of the metal surface is 
sufficiently low in comparison to the wavelength of the light and the metal has a large 
reflection coefficient for the wavelength, the incident light reflects in a regular reflection 
manner. 12-16) 
According to the material, shape and other factors of different objects, the light 
reflection can be divided into four categories as shown in the Figure 1. 
1. The light is reflected from the flat surface just for one time, and the wavelength of 
reflected light is larger than that of the incident light. 
2. Reflected light is produced by reflecting more than twice times on a surface with a 
smaller roughness. Its wavelength is larger than that of the incident light. 
3. The incident light can penetrate the surface of the object, because of the pigments 
and other reasons, the light will be reflected many times on the surface, and finally the 
reflected light leaves the surface and passes through the air. 
8 
 
4. The wavelength of the reflected light is basically the same as that of the incident 
light, and diffuse reflection occurs on the surface with the roughness less than the light 
wavelength. 
The reflected light of 1. is called specular reflected light, and 2-4 reflected light is called 
diffuse reflection light. In these categories, the reflected light of 4. is very small, and is 
almost ignored when the object has a periodic structure with fixed wavelength. Besides, 
only categories 1 and 3, two kinds of reflected light can occur in the objects with a 
completely smooth surface. Most of the reflection is produced by the direct combination 
of the above four kinds of reflected light. Therefore, the reflection of objects can be 
expressed as shown in the Figure 2, which can be roughly divided into three categories, 
(a) reflections from objects with mirror surface (c) reflections from objects with rough 
surfaces and can have a complete diffusion. (b) The roughness of the surface is in the 
middle of (a), (c). Whether mirror reflection or diffuse reflection can occur in the direction 
of positive reflection depends on the roughness of the surface. In addition, the roughness 
of the surface of electronic equipment in mirror processing is similar to (b). 
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Fig 1. Four kinds of light reflection 
 
 
  Fig 2. Three reflections of objects 
  
2.1.2 Metal reflection 
When the wavelength range of the incident light is in the infrared field, metal can 
reflect it completely. It is because of when the light is incident on the metal surface, the 
free electrons in the metal are excited to the surface of the metal, followed by the 
oscillation of the incident electric field, and the electric field produced by the free electron 
vibration cancels the field of incident light, so that the metal reflects light. 
Besides, when the wavelength of the incident light becomes shorter, in other word, the 
oscillation period of the electric field becomes faster, the free electron transfer cannot 
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follow the oscillation of the electric field, and part of the incident light will pass through 
the metal. 
 
2.1.3 Fresnel coefficient of optical thin film 
Generally speaking, the electrode of the quartz oscillator is composed by a quartz 
substrate on which a Cr film of about 5 nm thick is deposited and then a layer of Au film 
of about 150 nm thick is deposited. Among them, the Cr film mainly acts as a bond 
between the Au film and the quartz substrate. The Figure 3 shows the shape of an AT-cut 
quartz resonator. 
  In order to reduce the component of the reflected light of the polished piezoelectric 
device described above, the selection of the laser wavelength and the setting of the 
incident angle are important. In this paper, the Fresnel reflection coefficient and 
transmission coefficient are applied to introduce the wavelength characteristics of the 
single-layer film, the double-layer film and the incident angle characteristics. 19) 
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Fig 3. The shape of an AT-cut quartz resonator. 
① Fresnel reflection coefficient and transmission coefficient 
 
 
 
 
 
 
Fig 4. Electric field of each surface at laser incidence 
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The reflectance Rp is 
2
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Similarly, from the equations (1) - (5), the Fresnel transmission coefficient of the 
p wave also can be can be represented 
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The transmittance Tp is 
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And next, use these Fresnel coefficients for a single layer thin film. 
 
② single layer thin film 
 
Fig 5. Gold monolayer thin film 
 
The refractive index for the polarization component p wave is 
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The Fresnel coefficient of p polarized light for each interface is 
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Further, the phase change Δ of the light which has passed through the thin film of 
thickness d and reached the interface with the substrate is 
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③ two-layer thin film 
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Fig 6. 2-layer thin film 
 
Considering the chromium thin film, the refractive indices for the polarization 
component p waves are as follows. 
Incident medium  𝜂0𝑝＝
𝑛0
𝑐𝑜𝑠𝜃0
⁄  
Au thin film   𝜂1𝑝＝
𝑁1
𝑐𝑜𝑠𝜃1
⁄  
Cr thin film   𝜂2𝑝＝
𝑁2
𝑐𝑜𝑠𝜃2
⁄  
Foundation   𝜂𝑚𝑝＝𝑁𝑚 𝑐𝑜𝑠𝜃𝑚
⁄  
And then，according to Snell's law 
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The Fresnel coefficient of p polarized light for each interface is 
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Further, the phase change Δ1, Δ2 of the light which has passed through the 
thickness d1 of the Au thin film and the thickness d2 of the Cr thin film and reaches 
the next boundary surface is 
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By using the calculation formula of the single layer thin film and replacing the 
Fresnel coefficient at each interface as shown in the figure 
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Therefore, the reflectance and the transmittance in the Au - Cr two-layer thin film  
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2.1.4 Metal reflection in different wavelength ranges 
In the experiment, we selected gold and aluminum two kinds of material polishing 
surface of gold and aluminum as the experiment sample. Figure 7 (a) and (b) are the 
simulation results, where (a) is aluminum and (b) gold. 
 
(a)                                         (b) 
Fig 7. The reflection coefficient (a) is aluminum and (b) gold 
 
we can easily see that the reflectivity of aluminum in the wavelength range of 200nm-
700nm is about 0.90 stably, so after fixing the system, we can apply the reflection 
conditions of aluminum as a test standard.  
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2.2 Parameter setting in the simulation 
By analogy of the numerical approximation, the reflectivity of the gold film can be 
estimated and compared with the experiment gold film test results, thereby improving the 
accuracy of the experiment. The experimental system design is shown in Figure 8. 
Moreover, three different types of wavelength laser are used (UV laser 377nm, violet 
laser 456nm, visible red laser 656nm) whose diameter is approximately 0.7mm and the 
optical power is about 20mW. The incident angles are respectfully 15 degrees and 30 
degrees. The detector A is used for the test reference of the beam. When the laser directly 
illuminates to the detector A, it can detect whether the set optical power is accurate. For 
the surface of aluminum, Direct light voltage by detector B was assumed to be 𝑉0 using 
the Neutral Density (ND) filters and the wave plates, and the detector C is used to detect 
the diffusion component, that is differential mode, on the surface of the sample captured 
by the lens and the reflection voltage was equally assumed to be 𝑉1. Similarly, For the 
surface of gold, the value test by detector B was assumed to be 𝑉1
’  and the value test by 
detector C was assumed to be 𝑉0
’  . The test value of scattered light is very small and 
inconvenient to use, so that we set a scattering parameter 𝑆𝑎 of aluminum for data 
processing convenience. The formula is as follows  
𝑆𝑎＝|𝑉1/𝑉0|・
1
𝛽
                           (1) 
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where β is the reflection coefficient of aluminum as a differential mode parameter and 
approximately 0.9. Thus the gold (𝑆𝑔) can be represented by the following formula. 
𝑆𝑔＝𝑆𝑎・|𝑉1
’/𝑉0
’ |                          (2) 
 
Fig 8. The experiment system 
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3.Simulation results 
3.1 Simulation result of polished surface for ultra-violet laser (377nm) 
The abscissa is the incident angle and the ordinate is the scattering parameter of gold, 
as shown in the Figure 9. 
 
Fig 9. Simulation result for ultra-violet laser (377nm) 
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3.2 Simulation result of polished surface for visible blue laser (456nm) 
The abscissa is the incident angle and the ordinate is the scattering parameter of gold, 
as shown in the Figure 10. 
 
Fig 10. Simulation result for visible blue laser (456nm) 
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3.3 Simulation result of polished surface for visible red laser (656nm) 
The abscissa is the incident angle and the ordinate is the scattering parameter of gold, 
as shown in the Figure 11. 
 
Fig 11. Simulation result for visible red laser (656nm) 
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4. Experimental procedures 
4.1 Experimental Outline 
4.1.1 The selection and test of the laser 
Three different types of wavelength laser are used (UV laser 377nm, violet laser 456nm, 
visible red laser 656nm) in our experiment whose diameter is approximately 0.7mm and 
the optical power is about 20mW. Figure 12 is the spectrum 
 
 
Fig 12. Spectrum 
 
At the same time, we used a spectrum analyzer to perform wavelength detection on 
each laser. The test results are shown in the Figure13-15. 
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Fig 13. Wavelength test result 
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Fig 14. Wavelength test result 
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Fig 15. Wavelength test result 
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4.1.2 The selection and test of the polished surface 
The roughness of the gold mirror can be observed with the AFM device. The AFM 
consists of a cantilever with a sharp tip (probe) at its end that is used to scan the specimen 
surface. The cantilever is typically silicon or silicon nitride with a tip radius of curvature 
on the order of nanometers. When the tip is brought into proximity of a sample surface, 
forces between the tip and the sample lead to a deflection of the cantilever according to 
Hooke's law. Depending on the situation, forces that are measured in AFM include 
mechanical contact force, van der Waals forces, capillary forces, chemical bonding, 
electrostatic forces, magnetic forces (see magnetic force microscope, MFM), Casimir 
forces, solvation forces, etc. Along with force, additional quantities may simultaneously 
be measured through the use of specialized types of probes (see scanning thermal 
microscopy, scanning joule expansion microscopy, photothermal microspectroscopy, 
etc.). 
Atomic force microscope topographical scan of a glass surface. The micro and nano-
scale features of the glass can be observed, portraying the roughness of the material. The 
image space is (x,y,z) = (20 µm × 20 µm × 420 nm). 
The AFM can be operated in a number of modes, depending on the application. In 
general, possible imaging modes are divided into static (also called contact) modes and a 
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variety of dynamic (non-contact or "tapping") modes where the cantilever is vibrated or 
oscillated at a given frequency. 
So before the experiment, we first tested the polished surface roughness of the sample. 
The 2D test result is shown in the Figure 16 and 3D is Figure 17. We can easily find that 
the average roughness of the sample is about 19 nm on Figure 18, because its value is less 
than 100 nm, so its roughness is very similar to the surface of electronic components and 
can be used as an experimental sample. 
 
 
Fig 16. 2D test result 
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Fig 17. 3D test result 
 
 
Fig 18. Analysis result 
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4.2 Experimental system 
According to the test system used in the previous simulation, as shown in Figure 8, we 
carried out the physical construction, as shown in Figure 19, the air compressor is used 
under the whole system to ensure the accuracy of the incident angle. 
 
 
Fig 19. Actual test system 
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4.3. Experimental results 
The experiment collected 10 times of test values under various conditions, taking the 
maximum, minimum and average values and we compare it with the simulation results. 
4.3.1 Experimental results of ultra-violet laser 
The angle of incidence is set to 15 degrees and the wavelength of the laser is 377 nm. 
10 times of test values are shown in Table 20. 
 
Table 20. Incidence angle 15 degrees, wavelength 377nm 
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The angle of incidence is set to 30 degrees and the wavelength of the laser is 377 nm. 
10 times of test values are shown in Table 21. 
 
Table 21. Incidence angle 30 degrees, wavelength 377nm 
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The comparison between the experimental measurement data and the simulation data 
with a wavelength of 377 nm and an incident angle of 15 degrees and 30 degrees is shown 
in Figure 22. 
 
 
Fig 22. Comparison of experimental and simulated values at 377 nm 
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4.3.2 Experimental results of violet laser 
The angle of incidence is set to 15 degrees and the wavelength of the laser is 456 nm. 
10 times of test values are shown in Table 23. 
 
Table 23. Incidence angle 15 degrees, wavelength 456nm 
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The angle of incidence is set to 30 degrees and the wavelength of the laser is 456 nm. 
10 times of test values are shown in Table 24. 
 
Table 24. Incidence angle 30 degrees, wavelength 456nm 
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The comparison between the experimental measurement data and the simulation data 
with a wavelength of 456 nm and an incident angle of 15 degrees and 30 degrees is shown 
in Figure 25. 
 
 
Fig 25. Comparison of experimental and simulated values at 456 nm 
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4.3.3 Experimental results of red laser 
The angle of incidence is set to 15 degrees and the wavelength of the laser is 656 nm. 
10 times of test values are shown in Table 26. 
 
Table 26. Incidence angle 15 degrees, wavelength 656nm 
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The angle of incidence is set to 15 degrees and the wavelength of the laser is 656 nm. 
10 times of test values are shown in Table 27. 
 
Table 27. Incidence angle 30 degrees, wavelength 656nm 
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The comparison between the experimental measurement data and the simulation data 
with a wavelength of 656 nm and an incident angle of 15 degrees and 30 degrees is shown 
in Figure 28. 
 
 
   Fig 28. Comparison of experimental and simulated values at 656 nm  
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4.3.4 Conclusions of reflection coefficients and experimental results 
In conclusion, the improved laser speckle method can be applied to measure the 
vibration of piezoelectric devices which have a polishing surface. In this paper, 
Theoretical projections are explained. In addition, simulation results and experimental 
results are also manipulated and compared. The experimental results agreed with those 
of the simulation by less than 1~2% as shown in Table I. In another word, the 
experimental results accorded with simulation very well. Consistency between the 
simulation and experiment result verified that the proposed system can be used to measure 
with the polishing surfaces. 
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5. Simulation of polished surface of Laser speckle methods 
After proving the system can measure the scattered light from the polishing surface, 
we further modify the mirror configuration to a configuration closer to the surface of the 
piezoelectric device. At present, the surface of the piezoelectric devices is close to a 
smooth plane, the slight roughness is only about λ/20-λ/10. 17-18) In order to verify the 
feasibility of the experiment, and we simulated it by a software which called COMSOL. 
 
5.1 Simulation Outline of Laser speckle methods 
Model the surface of the vibrator in the 2D plane, as shown in Figure 29 the 
roughness is only about λ/20-λ/10.under the assumption that the electric field is 
polarized perpendicular to the plane. A laser beam of wavelength 377 nm propagates in 
the x direction irradiation onto the surface of the gold material by air. Due to the 
reflective properties of the material we can easily simulate the reflection. The setting 
and propagation of the laser can be expressed by Maxwell's equations, the specific 
settings are as follows 
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Fig 29. Model the surface of the vibrator in the 2D plane 
 
For the Frequency domain of Electromagnetic wave： 
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5.2 Simulation procedures 
5.2.1 Parameter settings  
In the use of COMSOL, in order to facilitate the construction of the simulation 
environment, the setting of parameters is very important, such as the wavelength setting 
of the laser, the reflectivity of the metal and the transmittance. Figure 30 shows the 
specific settings in the simulation. 
 
 
Fig 30. Parameter settings  
 
5.2.2 Data selection  
In order to prove that this laser speckle method can be used which make the ultraviolet 
laser irradiate onto the surface and analyzing the vibration of the device by the scattering 
light, we have selected two fields as the data collection center, one of the fields is the 
highest point at the roughness and the another one is the lowest point of the roughness. 
The specific setting method is shown in Figure 31. 
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                                     (a) 
 
                                          (b) 
Fig 31. Data selection. (a) is the highest point (b) is the lowest point 
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5.3 Simulation result of Laser speckle methods 
After setting up the model and the parameters, we can perform the simulation 
calculation. The simulated reflection result is shown in Figure 32. The laser wavelength 
is 377 nm and the incident angle is 30 degrees. We can clearly see that the reflection result 
is consistent with the reflection of the object mentioned before as showed as Figure 1 and 
Figure 2.     
 
 
Fig 32. Simulation result 
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5.4 Data analysis for ultra-violet laser (377nm) 
After completing the simulation, we will collect and compare the data in the manner 
of Figure 31. The abscissa is the vertical distance from the surface and the ordinate is 
the value. 
The data of (a) and (b) of Figure 33 respectively correspond to the cases of Figures 
31(a) and (b) and the comparison of the data is shown in Figure 34. 
From Fig. 34, we can see that there is always a difference value in the direction of the 
vertical distance. By this difference value, we believe that the improved laser speckle 
method can be used. 
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                                          (a) 
  
                                        (b) 
Fig 33. data analysis 
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Fig. 34 the comparison of the scattered light in different position (377nm) 
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5.5 Data analysis for ultra-violet laser (456nm) 
Then, according to the same simulation method, the laser wavelength is changed to 
456nm, and the comparison result of the data is shown in Figure 35. 
From Fig. 35, we also can get a difference value in the direction of the vertical 
distance. And it proves this improved laser speckle method of wavelength 456nm can be 
used. 
 
Fig. 35 the comparison of the scattered light in different position (456nm) 
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5.6 Data analysis for ultra-violet laser (656nm) 
By the same way, according to the same simulation method, the laser wavelength is 
changed to 656nm, and the comparison result of the data is shown in Figure 36. 
From Fig. 36, we can’t get a difference value in the direction of the vertical distance. 
It proves this improved laser speckle method can be used only by ultraviolet laser. 
 
 
Fig. 36 the comparison of the scattered light in different position (656nm) 
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6. Conclusions and future subject  
Through the comparison of the data, as shown in Figure 34, 35 and 36, we can clearly 
see that in the case of a slightly rough metal surface that the roughness is only about λ/20-
λ/10. The difference in the intensity of the scattered light can be measured by this method 
only with ultraviolet laser, because of the intensity, it is proved that this improved laser 
speckle method can be applied to the measurement of the vibration of a vibrator whose 
surface is close to the mirror surface. In the future, we will continue to improve the 
construction of the experimental system and measure the actual crystal vibrator. 
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